goals of this study were to evaluate the effects of ionizing radiation on apical junctions in colonic epithelium and mucosal barrier function in mice in vivo. Adult mice were subjected to total body irradiation (4 Gy) with or without N-acetyl-L-cysteine (NAC) feeding for 5 days before irradiation. At 2-24 h postirradiation, the integrity of colonic epithelial tight junctions (TJ), adherens junctions (AJ), and the actin cytoskeleton was assessed by immunofluorescence microscopy and immunoblot analysis of detergent-insoluble fractions for TJ and AJ proteins. The barrier function was evaluated by measuring vascularto-luminal flux of fluorescein isothiocyanate (FITC)-inulin in vivo and luminal-to-mucosal flux in vitro. Oxidative stress was evaluated by measuring protein thiol oxidation. Confocal microscopy showed that radiation caused redistribution of occludin, zona occludens-1, claudin-3, E-cadherin, and ␤-catenin, as well as the actin cytoskeleton as early as 2 h postirradiation, and this effect was sustained for at least 24 h. Feeding NAC before irradiation blocked radiation-induced disruption of TJ, AJ, and the actin cytoskeleton. Radiation increased mucosal permeability to inulin in colon, which was blocked by NAC feeding. The level of reduced-protein thiols in colon was depleted by radiation with a concomitant increase in the level of oxidized-protein thiol. NAC feeding blocked the radiation-induced protein thiol oxidation. These data demonstrate that radiation rapidly disrupts TJ, AJ, and the actin cytoskeleton by an oxidative stress-dependent mechanism that can be prevented by NAC feeding.
by the Center for Disease Control. According to the prevailing views in this field, the small intestine is the primary target of radiation, while the colon is relatively resistant to radiation injury (5, 14, 25) . The facts that endotoxemia and bacteremia are important events in the pathogenesis of ARS and the colon is the primary source of endotoxins highlight the critical yet so far unrealized importance of colonic tissue injury in the pathogenesis of GI-ARS. Furthermore, colitis is one of the clinical problems associated with radiotherapy that originates from the gut microflora and induces colonic endotoxemia (16) . Dysbiosis, infection, and endotoxemia involve disruption of the structural and functional integrity of gut mucosa, which affects selective permeability of important nutrients and endotoxins (22, 24) .
Epithelial barrier function is the first line of defense in the gastrointestinal tract that prevents the diffusion of bacterial toxins into intestinal mucosa and eventually into the systemic circulation. Tight junctions (TJ), the highly specialized intercellular junctions, confer epithelial barrier function in the gastrointestinal tract (35) . TJ are multiprotein complexes made up of transmembrane proteins such as occludin, claudins, and junctional adhesion molecules, which interact with the intracellular adapter proteins zona occludens (ZO)-1, ZO-2, and ZO-3 (1) . The adapter proteins interact with other TJ-specific proteins such as cingulin, AF6, 7H6, and catenins. These protein-protein interactions are essential for the assembly of TJ and maintenance of their integrity. Adherens junctions (AJ), the junctional complexes that lie beneath the TJ, are also multiprotein complexes and composed of transmembrane and adapter proteins, such as E-cadherin and catenins (4) . AJ are not diffusion barriers for macromolecules, but they indirectly regulate the integrity of TJ and therefore the barrier function. TJ and AJ protein complexes interact with the actin cytoskeleton, which is essential for the assembly and maintenance of TJ and AJ (8) . Although there is an indication of TJ disruption by radiation in the small intestine, the radiation effect on colonic epithelial TJ and AJ is poorly understood.
Factors that prevent tissue damage by ionizing radiation are important in developing therapeutics for the prevention and treatment of GI-ARS. Oxidative stress is an important factor involved in the mechanism of radiation-induced tissue injury, and antioxidants are important considerations for development of therapeutics (32) . N-acetyl-L-cysteine (NAC) is a derivative of cysteine amino acid and is one of the least toxic thiols known to reverse protein thiol oxidation in cells and tissues (2) . Therefore, in this study, we tested the hypothesis that low-dose ␥-irradiation (␥-IR) affects the colonic epithelial TJ and AJ in mice in vivo, and evaluated the effect of NAC feeding on radiation-induced TJ and AJ disruption and mucosal barrier dysfunction.
MATERIALS AND METHODS
Chemicals. Maltose dextrin was purchased from Bioserv (Flemington, NJ). Regular Lieber DeCarli ethanol diet (Dyet no. 710260) was purchased from Dyets (Bethlehem, PA). Hoechst 33342 dye and BODIPY FL-N-(2-aminoethyl)maleimide were purchased from Life Technologies (Grand Island, NY). N-ethylmaleimide and tris(2-carboxyethyl)phosphine were from Sigma-Aldrich (St. Louis, MO). AlexaFlour-488-conjugated phalloidin and all other chemicals were purchased from either Sigma-Aldrich or Thermo Fisher Scientific (Tustin, CA).
Antibodies. Anti-ZO-1, anti-occludin, and anti-claudin-3 (Cldn-3) antibodies were purchased from Invitrogen (Carlsbad, CA). Anti-Ecadherin and anti-␤-catenin antibodies were purchased from BD Biosciences (Billerica, MA). Horseradish peroxidase-conjugated antimouse IgG and anti-rabbit IgG and anti-␤-actin antibodies were obtained from Sigma-Aldrich. AlexaFlour-488-conjugated antimouse IgG and Cy3-conjugated anti-rabbit IgG were purchased from Molecular Probes (Eugene, OR).
Animals and diets. Female C57BL/6 mice (12-14 wk; Harlan Laboratories, Houston, TX) were used for all experiments. All animal experiments were performed according to the protocols approved by the University of Tennessee Health Science Center Institutional Animal Care and Use Committee. Animals were housed in an institutional animal care facility with 12:2-h light-dark cycles. All mice had free access to regular laboratory chow and water until the start of experiments.
Study protocol. In the first study, 12-to 14-wk-old adult female mice were subjected to TBI (4 Gy at a dose rate of ϳ76 cGy/min) using a J. L. Shepherd & Associates Mark I, model 25, 137 Cs source (San Fernando, CA). At 2-24 h post-IR, the integrity of colonic epithelial TJ, AJ, and actin cytoskeleton was examined. In a second study, mice were randomized to four groups [Sham (control), IR, NAC, and NAC ϩ IR] and fed Lieber DeCarli liquid diet (catalog no. 710260; Dyets) with (NAC and NAC ϩ IR) or without (Sham and IR) 20 mM NAC for 5 days before IR. IR and NAC ϩ IR mice were subjected to TBI (4 Gy), whereas Sham and NAC mice were sham treated. At 2 h post-IR, colons were collected and examined for oxidative stress and epithelial junctional integrity. Radiation field mapping and calibration by ion chamber dosimetry was done by the manufacturer at installation. In addition, routine validation and quality control measurements of exposure rates and exposure rate mapping in the chamber at positions of interest were conducted by a Certified Health Physicist using a calibrated RadCal 0.6-ml therapy-grade ion chamber/electrometer system. High-dose thermo luminescent dosimeters were used in most IRs to validate the actual dose delivered to the mice (MD Anderson Cancer Center Radiation Dosimetry Services). The isodose field was validated using Gafchromic film for high-dose dosimetry (10 -50 Gy; Ashland, Covington, KY). At the end of experiment, gut permeability was measured as described below. Colon and ileum segments were stored frozen for further analyses.
Gut permeability in vivo and in vitro. Mucosal barrier dysfunction was evaluated by measuring gut permeability to FITC-inulin (6 kDa). On the last day of experiment, mice were intravenously injected with FITC-inulin (50 mg/ml solution; 2 l/g body wt) via the tail vein. After injection (1 h), blood samples was collected by cardiac puncture under isoflurane anesthesia for plasma preparation. Luminal contents from colon and ileum were flushed with 0.9% saline (3 ml/segment). Fluorescence in plasma and luminal flushing was measured using a fluorescence plate reader. Fluorescence values in the luminal flushing were normalized to fluorescence values in corresponding plasma samples and calculated as percent of amount injected. For in vitro permeability at 3 h post-IR, colonic and ileal loops (4 cm) were prepared and filled with 0.15 ml of 0.9% saline containing FITCinulin (0.05 mg/ml) and incubated in DMEM for 45 min in a cell culture incubator. Luminal contents flushed in 2 ml saline (0.9%) were analyzed for fluorescence to evaluate inulin absorption from the intestinal lumen. Previous studies have established that intestinal loops are viable for at least 60 min.
Histopathology. Distal colon was fixed in 10% buffered formalin (Sigma Aldrich) for 24 h, and 6-m-thick sections were collected by using a cryostat on glass slides and stained with hematoxylin and eosin (H&E) by a standard method. Briefly, after dehydration through graded ethanol washes (50, 70, 95, and 100%) and xylene washes, sections were mounted with permanent mounting medium (Vector Laboratories). The bright-field images were captured at ϫ10 magnification by using a Nikon Eclipse Ti microscope (Melville, NY).
Immunofluorescence microscopy. Cryosections of colon (10 m thickness) and ileum (12 m thickness) were fixed in acetonemethanol mixture (1:1) at 20°C for 2 min and rehydrated in phosphate-buffered saline (PBS). Sections were permeabilized with 0.5% Triton X-100 in PBS for 15 min and blocked in 4% nonfat milk in 20 mM Tris, pH 7.2, and 150 mM NaCl. Sections were incubated for 1 h with primary antibodies (mouse monoclonal anti-occludin and rabbit polyclonal anti-ZO-1 antibodies or mouse monoclonal E-cadherin and rabbit polyclonal anti-␤-catenin antibodies), followed by incubation for 1 h with secondary antibodies (AlexaFluor-488-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG antibodies from Molecular Probes) containing Hoechst 33342. The fluorescence was examined by using a Zeiss 710 confocal microscope, and images from x-y sections (1 m) were collected using Zen software. Images were stacked using the Image J software (National Institutes of Health, Bethesda, MD) and processed by Adobe Photoshop (Adobe Systems, San Jose, CA).
Preparation of the detergent-insoluble fraction. Actin-rich detergent-insoluble fraction was prepared as described previously (30, 31) . Mucosal scrapping from colon and ileum was incubated on ice for 15 min with lysis buffer-CS [Tris buffer containing 1% Triton X-100, 2 g/ml leupeptin, 10 g/ml aprotinin, 10 g/ml bestatin, 10 g/ml pepstatin A, 10 l/ml of protease inhibitor cocktail, 1 mM sodium vanadate, and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. Briefly, mucosal lysates were centrifuged at 15,600 g for 4 min at 4°C to sediment the high-density actin-rich detergent-insoluble fraction. The pellet was suspended in 100 l of preheated (at 100°C) lysis buffer D (20 mM Tris buffer, pH 7.2, containing 10 l/ml of protease inhibitor cocktail, 10 mM sodium fluoride, 1 mM sodium vanadate, and 1 mM PMSF) for 5 min, sonicated to homogenize the actin cytoskeleton, and heated at 100°C. Protein content was measured by the BCA method (Pierce Biotechnology, Rockford, IL). Triton-insoluble and -soluble fractions were mixed with an equal volume of 2ϫ concentrated Laemmli's sample buffer and heated at 100°C for 5 min, and 25-to 40-g protein samples were used for immunoblot analysis.
Immunoblot analysis. Triton-soluble and -insoluble fractions were separated by SDS-polyacrylamide gel (7%) electrophoresis and transferred to polyvinylidene difluoride membranes as described before (31) . Membranes were immunoblotted for different proteins using specific antibodies for different TJ and AJ proteins with ␤-actin as housekeeping protein in combination with horseradish peroxidaseconjugated anti-mouse IgG or anti-rabbit IgG secondary antibodies. The blots were developed using the ECL chemiluminescence method (Pierce) and quantitated by densitometry using Image J software. The density for each band was normalized to the density of the corresponding actin band.
Protein thiol assay. Protein thiols in intestinal sections were assessed as described before (17) . Reduced protein thiols were evaluated by staining cryosections colon and ileum with BODIPY FL-N-(2-aminoethyl)maleimide (Flm) and confocal microscopy at excitation and emission wavelengths of 490 and 534 nm, respectively. For oxidized protein thiols, the reduced protein thiol was first alkylated with N-ethylmaleimide followed by reduction of oxidized protein thiols with tris(2-carboxyethyl)phosphine before staining with Flm. Control staining is done after N-ethylmaleimide treatment. Fluorescence images were collected, and fluorescence was quantitated by Image J software.
Statistical analyses. All data are expressed as means Ϯ SE. The differences among multiple groups were first analyzed by ANOVA. When a statistical significance was detected, Tukey's t-test was used to determine the statistical significance between multiple testing groups and the corresponding control. Statistical significance was established at 95%.
RESULTS

Ionizing radiation induces a rapid disruption of TJ and reorganization of actin cytoskeleton in the intestinal epithelium.
Although intestinal mucosal damage by ionizing radiation has been well established, the primary focus of investigations has been on the small intestine, whereas colon was found to be resistant to radiation-induced injury based on the histopathology, crypt damage, and cell proliferation markers (25) . However, disruption of epithelial TJ without morphological or cellular damage, which is undetectable with a conventional light microscope, may lead to an increase in paracellular permeability and endotoxin flux in the mucosa. In our study, we chose low-dose ␥-IR (4 Gy) on the intestinal epithelial TJ, AJ, and the actin cytoskeleton at varying time points on the 0-to 24-h scale. Bright-field images of H&E-stained colonic sections showed no gross morphological changes in colonic mucosa at 2 h post-IR (Fig. 1) . However, at 24 h post-IR, there were signs of hematopoietic cell infiltration in the colonic mucosa. Confocal microscopy of colon ( Fig. 2A) and ileum (Fig. 2B ) from sham-treated mice showed a colocalization of occludin and ZO-1 at the intercellular junctions of epithelial cells. Radiation induced redistribution of both occludin and ZO-1 from the intercellular junctions in the intracellular compartment as early as 2 h post-IR. This redistribution caused by ␥-IR sustained for at least 24 h in both the colon ( Fig. 2A) and ileum (Fig. 2B) . Redistribution of occludin and ZO-1 appeared to be more severe in the colon compared with that in ileum even at 2 h post-IR.
Claudins are a set of transmembrane proteins of TJ that play a crucial role in TJ assembly and maintenance of barrier function (36) . Our data show that Cldn-3 is localized predominantly at the intercellular junctions of the colonic (Fig. 3A) and ileal (Fig. 3B) epithelia. Radiation induced a loss of junctional distribution of Cldn-3 in both the colon and ileum, but the damage appeared to be more severe in the colon. Staining for F-actin showed that the actin cytoskeleton is organized in the colonic (Fig. 3A) and ileal (Fig. 3B ) epithelia with distinct distributions at the apical region and the lateral submembranous regions. Radiation induced a time-dependent loss of F-actin structure in the colonic epithelium (Fig. 3A) , suggesting a depolymerization of the actin cytoskeleton. Similarly, F-actin levels were reduced by ␥-IR in the ileal epithelium (Fig. 3B) ; the effect on F-actin appeared to be more severe in the ileum compared with that in colon.
Ionizing radiation induces a rapid disruption of AJ. Ecadherin and ␤-catenin are the principal components of the epithelial AJ. Interaction between E-cadherin and ␤-catenin is crucial for the assembly and maintenance of AJ. Confocal microscopy showed that these two proteins are colocalized at the intercellular junctions of colonic (Fig. 4A) and ileal (Fig.  4B) epithelia. ␥-IR induced a redistribution of E-cadherin and ␤-catenin from the colonic epithelial junctions as early as 2 h post-IR, and the damages were sustained at least for 24 h post-IR (Fig. 4A ). There was a slight loss of E-cadherin and ␤-catenin in the epithelial junctions of ileum (Fig. 4B ), but the effect was less severe compared with that in the colonic epithelium.
NAC feeding attenuates radiation-induced disruption of TJ, AJ, and the actin cytoskeleton. Oxidative stress is one of the major mechanisms of ionizing radiation-induced tissue injury (32) , and our previous studies demonstrated that oxidative stress disrupts intestinal epithelial TJ (26, 27, 29) . NAC is an antioxidant that acts by restoring cellular protein thiols from oxidative depletion. Prophylactic treatment of IR and non-IR mice with 20 mM NAC in a liquid diet for 5 days before IR showed no obvious effect on colonic mucosal morphology (Fig. 5) . NAC supplementation, however, resulted in almost a complete attenuation of radiation-induced redistribution of occludin and ZO-1 from the intercellular junctions in the colonic (Fig. 6A) and ileal (Fig. 6B) epithelia. NAC treatment also blocked radiation-induced redistribution of Cldn-3 in the colonic (Fig. 7A) and ileal (Fig. 7B) epithelia. Radiation induced loss of F-actin in the colonic (Fig. 7A) and ileal ( Fig.  7B ) epithelia that was blocked by NAC feeding. The protection by NAC was almost complete in the colon, but the actin cytoskeleton in the ileum was only partially protected. Radiation-induced redistribution of E-cadherin and ␤-catenin from the intercellular junctions of epithelium in the colon (Fig. 8A) and ileum (Fig. 8B) was also absent in NAC-fed mice.
TJ and AJ protein complexes are attached to the actomyosin belt at the apical end of epithelial cells, and, therefore, TJ and AJ proteins are pulled down along with the actin-rich detergent-insoluble fractions (28) . The level of TJ and AJ proteins in the detergent-insoluble fractions of epithelial cells is an excellent indicator of the integrity of TJ and AJ. Immunoblot analysis showed that radiation induced a loss of detergentinsoluble fractions of TJ and AJ proteins and that NAC treatment blocked this effect of radiation (Fig. 9A) . Densitometric analysis of specific bands confirmed a significant reduction of the levels of detergent-insoluble fractions of occludin (Fig. 9B) , ZO-1 (Fig. 9C ), Cldn-3 (Fig. 9D) , ␤-catenin (Fig.  9E) , and E-cadherin (Fig. 9F) . These results are consistent with the confocal microscopic data described above.
␥-IR-induced increase in intestinal mucosal permeability is blocked by NAC feeding. Measurement of vascular-to-luminal flux of FITC-inulin in vivo showed that ␥-IR significantly increased mucosal permeability to FITC-inulin by nearly 30-fold in colon. NAC feeding effectively attenuated the radiation-induced increase in colonic mucosal permeability (Fig.  10A) . ␥-IR increased inulin permeability also in the ileum, although the effect was much less compared with that in the colon (Fig. 10A) . The ␥-IR-induced increase in inulin permeability in the ileum was also blocked by dietary supplementation of NAC. NAC, by itself, showed no significant influence on the mucosal permeability in colon or ileum.
Analysis of luminal-to-mucosal permeability to FITC-inulin in vitro in the isolated loops of colon showed similar effects of radiation and NAC. The amount of inulin absorbed from the lumen was severalfold higher in the colonic loop prepared from ␥-IR mice compared with that in loops prepared from Shamtreated mice (Fig. 10B ). This effect of ␥-radiation was absent in colonic loops prepared from NAC-fed IR mice.
NAC feeding prevents ␥-IR-induced depletion of protein thiol oxidation. Our previous studies demonstrated that glutathione oxidation by hydrogen peroxide disrupts epithelial TJ leading to barrier dysfunction in the Caco-2 cell monolayers, the colonic carcinoma cell line (29) . Therefore, it was hypothesized that one of the mechanisms involved in radiationinduced TJ disruption in mouse intestine involves protein thiol oxidation due to ␥-radiation-induced oxidative stress. Results of our study show that IR induces a dramatic depletion of stain for reduced-protein thiols with a concomitant increase in the stain for oxidized protein thiols in both colon (Fig. 11A) and ileum (Fig. 11C) . These effects of radiation were absent in the colon and ileum of NAC-fed mice. Densitometric analysis of fluorescence for reduced and oxidized protein thiols in samples from different mice confirmed that ␥-IR significantly converts reduced protein thiols into oxidized protein thiols in the colon (Fig. 11B) and ileum (Fig. 11D) and that NAC feeding attenuates this effect of ␥-IR.
DISCUSSION
Gastrointestinal mucositis is a serious complication of radiotherapy and accidental radiation exposure (33) . Ablation of crypt cell proliferation and apoptotic cell death in the small intestine are the well-known causes of GI-ARS (20) . However, colon was found to be relatively resistant to radiation-induced mucosal damage (25) . Therefore, most investigations have been directed to understand the mechanisms involved in the small intestinal tissue injury, and very little is known about the effect of radiation on colonic mucosal homeostasis. In this study, we show that colonic epithelial junctional complexes and barrier function are highly sensitive to ␥-IR and that oxidative stress plays a key role in the mechanism of this acute colonic radiation subsyndrome.
Exposure of mice to low-dose ␥-radiation (4 Gy, 76 cGy/ min) impacts major effect on colonic epithelial TJ, AJ, and the actin cytoskeleton. Confocal immunofluorescence microscopy showed a rapid redistribution of occludin, ZO-1, and Cldn-3 from the intercellular junctions of colonic epithelium. These data indicate that the colonic epithelial TJ are disrupted by exposure to a lower dose of ionizing ␥-radiation, that is less than the threshold of the hematopoietic acute radiation syndrome (generally 6 Gy). Disruption of TJ by 4 Gy dose suggests that colonic epithelial junctions are highly sensitive to radiation and are vulnerable at the radiation doses used for radiotherapy. Occludin and Cldn-3 are integral membrane proteins of TJ in different epithelia. The intracellular domains of these proteins interact with ZO-1, an adapter protein of TJ (1) . A loss of interaction between these proteins and their redistribution from the junctions are critical indicators of TJ disruption. Disruption of TJ is not visible by gross microscopic imaging or analysis of crypt cell proliferation. It is likely that one of the initial events in radiation-induced injury to colon is disruption of epithelial TJ. Our data show that radiation effect on TJ occurred as early as 2 h post-IR and sustained for at least 24 h. This observation indicates that the effect of radiation on colonic epithelial TJ is rapid, and does not recover from it for at least 24 h. A breach in TJ integrity may lead to loss of barrier function and diffusion of endotoxins from the colonic lumen in the mucosal tissue. Disruption of TJ by 4 Gy dose of ␥-radiation with a rapid time course that begins within 2 h of radiation exposure suggests that colonic epithelial junctions are highly sensitive to radiation and vulnerable at the radiation doses used for radiotherapy.
The low-dose sensitivity of TJ and the rapid time course of the disruption clearly distinguish this radiation syndrome from the hematopoietic-ARS or the GI-ARS that requires higher doses and several days to manifest. Previous studies by other laboratories have reported an increase in intestinal permeability by IR (15, 21) . However, these studies measured small intestinal permeability at Ͼ3 days after IR at a dose of 10 Gy or higher. Under these conditions they also show significant inflammation in the mucosa, and, therefore, it is unclear whether the small intestinal permeability observed was an initial effect of IR or caused by the radiation-induced inflammation. Our study shows that colonic mucosal permeability is increased as early as 2 h after IR at a low dose of 2-4 Gy. No inflammation was evident in the colonic mucosa in this early post-IR stage. Our study also shows that the increase in small intestinal permeability was relatively low compared with radiation-induced colonic mucosal permeability, indicating that colonic mucosal barrier is highly sensitive to radiation and an initial event in the process of radiation damage. This is highly relevant, since colon is the primary source of toxins and pathogens in radiation-induced endotoxemia and bacteremia.
Our intent in this study was to demonstrate that low-dose IR is capable of causing barrier damage. We intentionally stayed away from the very high doses used in cancer therapy or radiation disasters. Instead, we used low doses (2-4 Gy) that can realistically occur as scatter from the focused pelvic IR used in the treatment of prostate, rectal, uterine, and other cancers. The novelty of our observation lies in that low doses of ␥-IR elicit barrier damage in the colon that is considered relatively radioresistant compared with the small intestine. Based on these unique features, we propose to distinguish and recognize the acute colonic radiation syndrome as a subsyndrome of radiation damage to the gut.
␥-IR also disrupted AJ and the actin cytoskeleton in colon. E-cadherin and ␤-catenin are the major interacting proteins in the epithelial AJ. Redistribution of these proteins from the colonic epithelial junctions indicated that ␥-IR at 4 Gy rapidly disrupts AJ. Although AJ is not a physical barrier for the diffusion of macromolecules, it has been shown to indirectly influence the integrity of TJ. Data also show that the organization of actin cytoskeleton was rapidly disrupted by ␥-IR. Because the staining was targeted for filamentous actin, the loss of actin stain suggested a potential depolymerization of actin cytoskeleton. Organization of actin, particularly the formation of actomyosin belt near the apical end of cells, is crucial for the assembly and maintenance of TJ integrity, since TJ and AJ protein complexes are anchored to the actomyosin belt. Dissolution of actin architecture by cytochalasins has been shown to disrupt TJ and AJ (8) . Therefore, disruption of actin cytoskeleton is likely an important mechanism involved in the radiation-induced TJ and AJ disruption.
TJ, AJ, and the actin cytoskeleton in the ileum were also rapidly (within 2 h) disrupted by ␥-IR. The results of this study suggest that radiation-induced disruption of TJ and AJ is more severe in the colon, whereas the disruption of the actin cytoskeleton is more severe in the ileum. It is likely that ␥-IR disrupts epithelial junctions in both colon and small intestine, but much more effective in the colonic epithelium. Disruption of colonic epithelium has higher pathophysiological significance in terms of endotoxin leak in mucosal tissue. Luminal bacteria are predominantly localized in the colon and, therefore, are the primary source of endotoxins. A breach in colonic barrier may lead to endotoxin flux in the mucosal tissue with a previously unrecognized rapid time course.
Radiotherapy is one of the treatment options for various malignancies. Despite much advancement in the treatment strategies, including intensity-modulated radiation therapy, it still causes damage to the normal tissues surrounding the tumors (11, 34) . The gastrointestinal system is one of the major targets of radiotherapy causing diarrhea, malabsorption, and electrolyte imbalance (9, 37) . Early disruption of TJ and barrier dysfunction may lead to endotoxin flux in the mucosa that may trigger diarrhea, malabsorption, and electrolyte imbalance. In the later stage, further damage to mucosa may lead to endotoxemia and eventually bacteremia in patients whose immunological defense is compromised by radiation and/or chemotherapy.
Oxidative stress is a leading mechanism in the pathogenesis of radiation injuries, including radiotherapy-mediated complications. Antioxidants, such as NAC, have been used to suppress oxidative stress and protection of various organs from acute radiation injury (23, 30) . The results of our present study show that prophylactic feeding of 20 mM NAC in liquid diet blocks radiation-induced disruption of TJ and AJ, as indicated by the absence of radiation-induced redistribution of occludin, ZO-1, Cldn-3, E-cadherin, and ␤-catenin from the epithelial junctions in NAC-fed mice. This NAC dose is in the range of doses used previously by other investigators (6, 7, 19) . Radiation caused a significant loss of F-actin stain and depletion of TJ and AJ proteins in the actin-rich detergent-insoluble fractions of colonic mucosa, indicating the loss of interaction of TJ and AJ proteins with the actin cytoskeleton. These data support the observation made by confocal microscopy and further confirm the disruption of TJ and AJ by radiation. NAC feeding blocked this effect of ␥-IR, demonstrating that NAC feeding protects TJ and AJ from the radiation-induced damage. The detergent-insoluble fraction predominantly consists of actin cytoskeleton. In the epithelium with intact TJ and AJ, the actin cytoskeleton strongly binds to TJ and AJ protein complexes, and, hence, TJ and AJ proteins are recovered in the actin-rich detergent-insoluble fraction. Loss of detergent-insoluble fractions of TJ and AJ is an excellent indicator of TJ and AJ disruption, and to some extent this enables quantitative analysis of TJ and AJ disruption. Interestingly, NAC also blocks radiation-induced disruption of TJ, AJ, and the actin cytoskeleton in the ileum. However, in the ileum, prevention of actin reorganization by NAC was only partial, whereas a complete block was observed in the colon. All these data support the hypothesis that oxidative stress plays a crucial role in radiationinduced disruption of intestinal epithelial TJ, AJ, and the actin cytoskeleton and that the different gut tissues respond differentially to low-dose ␥-IR.
In agreement with the disruption of TJ, the mucosal permeability to inulin was increased severalfold by ␥-IR, confirming the colonic epithelial barrier dysfunction in IR mice; this effect was more severe in colon than in ileum. This observation is in contrast to a previous report that large intestine is resistant to acute ionizing radiation (25) . It is likely that disruption of TJ and barrier dysfunction are the initial events of radiation injury to the gut, which then triggers further complications of GI-ARS. Sustained barrier dysfunction can lead to endotoxemia and bacterial translocation in the later stages of injury. This study also shows that NAC feeding almost completely blocks radiation-induced mucosal permeability to inulin, indicating the potential role of oxidative stress in radiation-induced barrier dysfunction. Protection by NAC indicates that radiationinduced TJ disruption and barrier dysfunction involve glutathione oxidation and protein thiol oxidation. Our previous studies have demonstrated that oxidative stress mediated by hydrogen peroxide disrupts intestinal epithelial TJ by glutathione oxidation-mediated inhibition of protein tyrosine phosphatases, leading to elevation of tyrosine-phosphorylated proteins (13, 18, 29) . Tyrosine phosphorylation of occludin has been shown to result in loss of interaction with ZO-1, contributing to the loss of TJ integrity (13, 18) . It is likely that a similar mechanism is involved in radiation-induced TJ disruption in mouse intestine.
NAC has been safely used in clinics to counteract acetaminophen and carbon monoxide poisoning for over four decades. Several clinically relevant effects have been attributed to NAC, such as reactive oxygen species scavenging activity, enhanced glutathione synthesis, and reduced inflammation. NAC has been reported to provide protection against the radiationinduced injury (30) . It increases levels of radioprotective cytokines IL-1␣, IL-1␤, and IL-2 in IR human blood (3) and restores glutathione from radiation-induced depletion in liver, lung, and spleen (23) . Our study shows that NAC feeding before IR prevents radiation-induced redistribution of TJ and AJ proteins from the epithelial junctions, indicating the preservation of TJ integrity from radiation. NAC feeding prevents radiation-induced reorganization of actin cytoskeleton and abrogates the ␥-radiation-induced increase in mucosal permeability in both colon and ileum. These results indicate that oxidative stress mediates radiation-induced disruption of TJ and barrier dysfunction and that NAC prevents these radiation effects by restoring reduced glutathione and reduced protein thiol levels. Indeed, our data show that radiation depleted reduced protein thiols and elevated oxidized protein thiols in colon and ileum. NAC feeding blocked radiation-induced protein thiol oxidation. It is likely that radiation-induced oxidative stress induces protein thiol oxidation, leading to potential inhibition of protein tyrosine phosphatases and increase in tyrosine phosphorylation of TJ and AJ proteins.
In summary, this study demonstrates that ␥-radiation, at a relatively low dose, rapidly disrupts TJ, AJ, and the actin cytoskeleton and causes barrier dysfunction in mouse colon in vivo. Radiation-induced disruption of epithelial junctions and barrier dysfunction is mediated by oxidative stress, which can be attenuated by NAC feeding before IR. This preclinical study implicates that NAC may serve as a potential prophylactic treatment to prevent radiotherapy-induced gastrointestinal mucositis and acute colonic radiation syndrome.
